need to develop transgenic lines [5] [6] [7] . However, one disadvantage is that transient expression requires the repetitive production of gene transfer vectors based on Agrobacterium tumefaciens, plant viruses or their hybrids. Although several approaches have been developed to improve the titers and efficiency of virus-based vectors [8] , strategies to increase the accumulation of biomass during the cultivation of A. tumefaciens have received comparatively little attention [9] .
The ideal transient expression platform using A. tumefaciens would achieve the rapid accumulation of bacterial biomass with minimal costs and workload while complying with the principles of good manufacturing practice (GMP), i.e. containment, no cross-process contamination, and the exclusion of raw materials from animal sources that potentially contain human pathogens. The latter is achieved most easily by using defined media, but efficient bacterial growth currently requires animal-derived components such as beef extract and tryptone (a pancreatic digest of casein), which are present in formulations such as yeast extract broth (YEB) and lysogeny broth (LB) [10] . The presence of animal-derived products in these media means that additional processing steps are necessary to avoid the propagation of pathogens. Bacterial growth in shake flasks containing YEB is typically limited to an OD 600 of ≈5.0, corresponding to ≈7.5 × 10 9 cells per mL [11] , whereas typical infiltration media require an OD 600 of ≈1.0 [12] . Therefore, the fermentation volume must be equivalent to at least 20% of the bacterial suspension volume used during infiltration. The latter is typically 1500−7000 L for large transient expression processes handling 50−7000 kg of biomass [13, 14 , and our unpublished data], so fermenter volumes of 300−1400 L are required for the cultivation of A. tumefaciens. This increases both the upfront and operational costs for the preparation of bacterial cultures when scaling up transient expression to industrial levels.
The speed of production is one of the main advantages of transient expression systems but the need to cultivate recombinant A. tumefaciens for long periods (more than two days) in YEB increases the production time and investment costs if fermenters are used in alternating mode. Additionally, the broth viscosity can increase due to the presence of bacterial exopolysaccharides (EPS) [15] . The higher viscosity affects not only the mixing regime but also oxygen transfer during cultivation, particularly in the later process stages when the biomass concentration increases [16] . The quality of a fermentation protocol ultimately depends on two major factors: the biomass yield of the bacteria and the efficacy with which they transfer T-DNA to the plant host cells, thus triggering the synthesis of the recombinant protein.
Here we optimized the medium components for A. tumefaciens growth and subsequent transient protein expression in Nicotiana benthamiana while avoiding animal-derived components, reducing the cost of the medium, limiting the duration of fermentation, and increasing the biomass yield. We used a design-of-experiments (DoE) approach, which has proven useful in similar circumstances [17, 18] . Our experiments included the selection of plant-derived peptones to replace animalderived components and the use of fructose instead of the more common sucrose. We used a secreted human monoclonal antibody (2G12) as a relevant biopharmaceutical product [19] and the fluorescent marker protein (DsRed) targeted to the chloroplasts as a second model protein.
The effect of the new media on the expression levels of these proteins was tested in a leaf disc-based screening format, allowing the rapid comparison of a large number of different plant peptones and media compositions [18] . We confirmed the performance of the final plant peptone Agrobacterium medium (PAM) in terms of bacterial biomass yield and transient protein expression levels by cultivating A. tumefaciens in a 4-L batch-fermentation process followed by the vacuum infiltration of intact N. benthamiana plants.
Methods

Expression constructs
We used the plant expression vector pTRAkc-2G12-DsRed [20] , containing the genes for the 2G12 antibody heavy chain and light chain as well as the gene for DsRed, each under the control of a cauliflower mosaic virus (CaMV) 35S promoter with duplicated enhancer [21] , on a single T-DNA. The three expression cassettes were separated by scaffold attachment regions and the vector was introduced into A. tumefaciens strain GV3101:pMP90RK [11] .
Plant cultivation
Seeds were germinated on mineral wool blocks (Cultilène, Tilburg, Netherlands) and the plants were cultivated in a greenhouse with a 25/22°C day/night temperature and a 16-h photoperiod (≈200 µmol s -1 m -2 ; λ = 400-700 nm) at 70% relative humidity, as previously described [12] . The plants were irrigated with 0.1% m/v Ferty 2 Mega (Kammlott GmbH, Erfurt, Germany) and were grown for about two months (prior to flowering) before the infiltration of tobacco leaf discs (Nicotiana tabacum cv. Petit Havana SR1; accession number AJ011576) and intact plants (Nicotiana benthamiana; accession number: AY574374) [22] .
Plant peptone testing
All cultivation media contained the same base components ( were replaced by one of 21 different peptones in the new media (Supporting information, Table S1) as described in a commercial peptone screening kit (Sigma-Aldrich, St. Louis USA).
Bacterial cultivation and fermentation conditions
Bacterial cultures (100 mL) were inoculated with 500-µL glycerol stocks and supplemented with 25 mg L -1 kanamycin and 50 mg L -1 carbenicillin. We compared the OD 600 values of A. tumefaciens cultures grown in PAM and regular YEB medium after incubation for 24 or 72 h in 500-mL shake flasks containing 100 mL medium (pH 7.0) and kept at 26°C and 180 rpm in an incubator (New Brunswick Scientific, Enfield, CT, USA). Fermentations were carried out in a 7-L stainless steel reactor (BioBench 7, Applikon, Delft, Netherlands) with a 5-L working volume of which 4 L were used. The fermenter was equipped with three 60-mm Rushton impellers, filled with medium and then sterilized in situ for 20 min at 121°C prior to inoculation. The dissolved oxygen concentration (dO 2 ) was maintained at 25% saturation by applying an aeration rate of one volume per volume and minute (vvm) and varying the stirrer speed between 300 and 600 rpm. During the fermentation, the pH was controlled at a set-point of 7.0 by adding 25% m/v ammonia (base) and 1 M phosphoric acid (acid) using a closed-loop control. An ADI 1030 controller was used in combination with an ADI 1035 console (Applikon) and BioXpert software to collect the online data.
Manual injection and vacuum infiltration
Cultures of A. tumefaciens were diluted two-fold with infiltration medium (5 g L -1 sucrose, 1 g L -1 Ferty 2 Mega, 1.8 g L -1 glucose; pH 5.6) and water to a final OD 600 of 1.0 (≈1 × 10 -9 CFU). Following the addition of 200 µM acetosyringone, the infiltration suspension was incubated at ambient temperature (≈22°C) for 2 h. Afterwards, the suspension was either used for a tobacco leaf disc-based assay as previously described [18] or injected into the leaves of intact N. benthamiana plants using a 1-mL needleless syringe. Alternatively intact plants were infiltrated in a desiccator connected to a vacuum membrane pump (Vacuubrand, Wertheim, Germany) at 60 mbar absolute pressure for 1 min. The plants were then incubated for five days in light chambers equipped with six Osram cool white fluorescent tubes (36 W, ≈75 µmol s -1 m -2 , λ = 400−700 nm) at 22°C, 50% relative humidity and with a 16-h photoperiod.
Protein analysis
Proteins were extracted from plant material in three volumes of phosphate buffered saline (PBS) containing 10 mM Na 2 S 2 O 5 (pH 8.0) by grinding in a mortar with an electric pestle (leaf disc assay) or in a blender (intact plants). The extract was centrifuged twice (16 000 × g, 20 min, 4°C) and the supernatant was stored at -80°C. DsRed expression was monitored by measuring the fluorescence of the supernatant using a Synergy HT plate reader (BioTek Instruments, Winooski Vermont, USA) fitted with 530/25 nm (excitation) and 590/35 nm (emission) filter sets. A standard DsRed curve was generated with dilutions in the range 0-200 µg mL -1 . The concentration of total soluble protein (TSP) in the extract was determined using the Bradford assay with two-fold serial dilutions and 1 mg bovine serum albumin (BSA) protein standard (Carl Roth, Germany). After incubation for 5 min at ambient temperature, the absorbance was read at 595 nm. The concentration of antibody 2G12 was determined by surface plasmon resonance (SPR) spectroscopy as previously described [17] . The samples were diluted 1:20 in HBS-EP running buffer (pH 7.4) and bound to a Protein A surface CM-5 chip. The 2G12 concentrations were calculated based on reference samples with 585 ng mL -1 of purified 2G12 antibody.
ELISA
High-binding microtiter plates (Greiner Bio-one, Frickenhausen, Germany) were coated with 100 µL of goat antihuman IgG Fc-specific antibody (Sigma-Aldrich, I2136) per well diluted 1:2000 in coating buffer (15 mM Na 2 CO 3 , 35 mM NaHCO 3 ; pH 9.6) and incubated for 1 h. The well surfaces were blocked with 300 µL 5% m/v skimmed milk dissolved in PBS and incubated for 30 min at ambient temperature. Two-fold serial dilutions of 2G12 antibody produced in CHO cells (232 ng mL -1 , Polymun Scientific, Klosterneuburg, Austria) were applied to the wells and incubated for 1 h at room temperature. Bound antibodies were detected using an alkaline phosphatase (AP)-conjugated polyclonal goat anti-human kappa chain-specific IgG (Sigma-Aldrich, A3813) diluted 1:5000 in PBS, and the signal was detected using 100 µL of 1 mg L -1 p-nitrophenylphosphate (Sigma-Aldrich) in substrate buffer (150 mM NaCl, 2 mM MgCl 2 , 50 mM Tris-HCl; pH 9.6). After incubation for 15−30 min, the absorbance was read at 405 nm. The plates were washed with PBS supplemented with 0.1% v/v Tween-20 between incubation steps.
Design of experiments
The medium composition was optimized using a response surface methodology based on experiments planned using Design Expert v8.0 (Stat-Ease, Minneapolis, Minnesota, USA). We used central composite response surface designs with three factors and 18 runs, including four center points, to model the DsRed and 2G12 concentrations in vacuum-infiltrated leaf disc extracts. Factors showing a significant influence were pre-selected from a fourth-order model by automatic backwards selection using a p-value threshold of 0.100, and factors with p-values greater than 0.050 were manually removed. Details of the DoE method have been described before [17] .
Results
Animal-derived medium components can be replaced with plant peptones
Animal-derived peptone is a potential source for pathogenic organisms and proteinaceous infection particles (prions) and plant-derived peptones were therefore tested as an alternative nutrient source. Interestingly, the replacement of animal-derived peptone with plantderived counterparts increased the OD 600 of A. tumefaciens cultures by up to 60%, resulting in a maximum of 7.7 ± 1.8 (n = 2) using soybean enzymatic digest (SED 90765) after incubation for 72 h in shaking flasks (Fig. 1A) . Furthermore, the expression of the reference protein DsRed increased by 1.6-fold when the bacteria were cultured in a medium containing the soybean extract instead of beef extract. Two other protein sources (vegetable special infusion powder and peptone special) achieved 93% of the DsRed expression level in medium containing SED 90765, but the OD 600 at the end of cultivation was 27% lower, although this was still 15% higher than the OD 600 achieved in YEB (Fig. 1A) . Two plant-derived peptones (peptone acid hydrolysate and peptone from soybean, GMP) achieved OD 600 and transient expression levels that were 75 and 123%, respectively, of the values achieved with YEB. Among the five plant-derived peptones, the optimal component was selected by refined testing based on the highest OD 600 and recombinant protein levels during transient expression (Fig. 1B) . Again, SED 90765 achieved the highest OD 600 which was 1.6-fold higher than YEB, and all five plant-derived peptones achieved DsRed expression levels that were 1.6 to 2.6-fold higher than those for YEB (Fig. 1B) . We therefore selected SED 90765 as the starting point for medium optimization and scaled-up production.
Optimized medium doubles the A. tumefaciens OD 600 while maintaining transient expression levels
We varied the concentrations of the A. tumefaciens medium components in order to increase the OD 600 and thus the biomass yield. The DsRed fluorescence in subsequent (Table 1 ) but no effect on the yield of 2G12. The resulting models predicted a maximum OD 600 along a ridge between high carbohydrate and high peptone concentrations ( Fig. 2A) at the highest concentration of yeast extract. High yeast extract concentrations also resulted in strong DsRed fluorescence in the subsequent transient expression assay, but only if fructose and SED 90765 were set to low values (Fig. 2B) .
We combined the models using a desirability function (Supporting information, Eq. S1) [23] built into the DoE software to identify conditions for the simultaneous optimization of bacterial biomass (priority ++) and recombinant protein accumulation (priority +++) while minimizing the fructose concentration (priority +) to reduce media costs during large-scale production (Fig. 2C) . The peptone and yeast extract concentrations were kept within the range of the DoE without any further constraints. An OD 600 ≈10-14 was predicted with DsRed yields of 1.5−3.0 µg mg -1 TSP using the five most promising conditions (Table 2 ) but no significant effect on 2G12 expression was observed. All the new media achieved cost savings of 50% or more compared to YEB. We then verified these predictions in small-scale experiments.
The performance of the optimized media can be verified in small-scale experiments
We verified the model predictions by selecting five media compositions (Table 2 ) covering the regions of the design space predicted to represent optimal media, i.e. achieving a high OD 600 , high yields of DsRed and containing little fructose (Fig. 2D ). These media were assessed based on the resulting bacterial OD 600 in shaking flasks (100 mL medium) and the concentration of DsRed in subsequent transient expression experiments in N. benthamiana leaves. All five media containing SED 90765 supported increasing growth rates after 20 h during log phase, reaching a maximum OD 600 after ≈42 h of cultivation which was 2.7 to 3.5-fold higher than for YEB (Fig. 3A) . The concentration of DsRed (Fig. 3B ) increased 1.2 to 1.5-fold in N. benthamiana leaves infiltrated with bacteria that had been grown in the new media. This increase was statistically significant (α = 0.05) for PAM1, PAM3 and PAM4. In contrast, we observed no significant effect on the level of 2G12 (Fig. 3B) . Using the desirability function with the same prioritization as above, we found that PAM1 and PAM4 were the preferred media compositions (Supporting information, Table S2 ). We selected PAM4 for further experiments because the transient expression levels achieved for 2G12 were generally higher for this medium (Fig. 3B) . 
Optimized PAM outperforms YEB in terms of OD 600 and achieves similar protein expression levels in a large-scale process
We confirmed the superior performance of the optimized PAM4 compared to YEB medium in terms of the OD 600 value and the yields of DsRed and 2G12 in a 4-L batch fermentation followed by the agroinfiltration of whole plants (Table 2) . A. tumefaciens growth curves in YEB and PAM were similar for the first ≈12 h of cultivation, but the rate of biomass increase then shallowed down in the YEB fermentation whereas it remained close to constant in PAM4 until 16 h postinoculation. During the first ≈12 h, the biomass increase was therefore similar in both media (up to an OD 600 of ≈6), but the biomass increase was greater thereafter in PAM4 resulting in a final OD 600 of ≈21 which was 2.1-fold higher than that achieved in YEB (Fig. 3C) . Stationary phase in YEB medium began after ≈16 h whereas PAM4 showed continued growth until 17 h post-inoculation. However, we observed the onset of oxygen limitation after ≈15 h in PAM which was not the case at any time during fermentation with YEB (Supporting information, Fig. S1 ). Bacterial suspensions in YEB and PAM4, derived from 14-h and 16-h cultures, respectively, were then diluted with infiltration medium to an OD 600 of ≈1.0. These suspensions were used for the infiltration of intact N. benthamiana plants to simulate future large-scale processes. The cells grown in PAM4 achieved 95% of the DsRed and 114% of the 2G12 yield compared to YEB during transient expression experiments (Fig. 3D ). These differences were not statistically significant according to a two sided t-test (α = 0.05).
Discussion
Cultivation media without animal-derived components are necessary for GMP-compliant production
Peptones are added to A. tumefaciens cultivation media as a source of amino acids and nitrogen. However, animal-derived components may be contaminated with human pathogens, including viruses and prions [24, 25] . In our initial screen, we identified five of 21 plant peptones that enhanced the growth of A. tumefaciens and increased the levels of DsRed transient expression when used to replace the animal-derived components in the original YEB recipe. Interestingly, mixed peptones from different plants achieved a bacterial OD 600 of 4.8 ± 0.7 (n = 14) which is similar to YEB (4.8 ± 0.014, n = 2), whereas single-species peptones generally achieved OD 600 values ≈45% lower (e.g. 2.7 ± 1.8 for wheat peptones, n = 7). Nevertheless, the best performing peptone (SED 90765) was a single-species preparation from soybean. This is remarkable, because other enzymatic digests of soybean proteins (SED 87972 and SED 70178), even those prepared using the same enzyme (papain) for digestion, were among the worst in terms of performance. Unfortunately, the manufacturer does not provide enough information about the precise method of preparation to explain this unexpected finding. Therefore, we can only speculate that the better performance of SED 90765 may reflect its high ammonium content (≈10% higher than that of the other SEDs according to the manufacturer's information).
As well as increasing the OD 600 and enhancing transient expression, the exclusion of complex animal-derived ingredients is beneficial from a GMP perspective because the risk of product contamination with human and animal pathogens is lower [24, 25] . This may reduce the costs associated with specific quality control tests, e.g. virus clearance [3, 26] . Furthermore, plant-derived peptones cost ≈50−150 € kg -1 , which is 80% lower than animalderived components such as beef extract (≈700 € kg -1 ). The cultivation medium can account for more than 5% of the total costs associated with infiltration [12] so cost savings can be achieved even if greater quantities of plant peptones are required compared to animal-derived ingredients. Overall, we reduced the costs by more than 50% when using PAM rather than YEB (Table 2 ).
High-throughput screening and DoE facilitate rapid model building and optimization
Small-scale tests using shake-flask cultures and tobacco leaf discs facilitate high-throughput screening [18] . The benefit of this approach is the reduction of min/max ratios for transient expression in plants from >10 to ≈1 [18] . The screening method not only facilitated the rapid testing of different peptone preparations but also the implementation of a DoE strategy to identify compositions that significantly increased the OD 600 and thus the biomass yield during the cultivation of A. tumefaciens. Higher biomass yields not only reduce the cost of consumables because less medium is required, but also the size and/or number of fermenters required for bacterial cultivation and the corresponding footprint, resulting in lower investment costs.
A DoE strategy was beneficial in this context because one worker was able to complete the screening process in less than two weeks. The simultaneous analysis of multiple factor variations revealed that the highest OD 600 was achieved along a ridge between high peptone and high fructose concentrations (Fig. 2A) . Such correlations are difficult to identify using the one-factor-at-a-time approach [27] , but can provide a strategy to compensate for external changes that affect the process. For example, the peptone and fructose concentrations could be adjusted dynamically from batch to batch, taking changes in the cost of raw materials into account. Furthermore, the DoE results could be used as part of the process development documentation necessary for regulatory compliance [28, 29] .
We used a simple three-dimensional plot ( Fig. 2A) to identify desirable regions within the design space, i.e. high OD 600 and high transient expression yields at low concentrations of fructose. This allowed us to select media not only from the dominant composition cluster (a combination of low fructose and peptone concentrations with a high concentration of yeast extract, namely PAM1−3), but also an apparently minor cluster (low fructose and yeast extract concentrations, but a high peptone concentration, namely the optimal medium PAM4). This might be useful given the costs of fructose (≈65 € kg -1 ) and yeast extract (≈150 € kg -1 ) and shows that even though there are model optimization tools available, the analysis of potentially optimal conditions may require additional tools including different graphical representations that are not yet built into the DoE software.
Optimized PAM outperforms YEB in terms of
OD 600 and achieves similar protein expression levels in a large-scale process
Our optimal medium composition (PAM4) doubled the bacterial OD 600 compared to the standard YEB medium in a batch-fermentation at the 4-L scale (Fig. 3C) . Accordingly, the consumables costs for medium preparation were reduced by a similar factor. This cost reduction becomes more relevant at larger production scales, and the investment costs are also likely to be lower because smaller fermenters will be sufficient in a scaled-up process. The OD 600 values in YEB were in the range 2.6−5.7 and thus similar to the value of 5.0 previously reported [11] . This is an indication that our results can be transferred quantitatively to other laboratories. However, the increase in OD 600 when switching from YEB to PAM4 was more than three-fold in shaking flasks but was only twofold in 4-L fermentations ( Fig. 3A and 3C ). The drop-off in performance during scale-up is more likely to reflect oxygen limitation in the fermenter after ≈15 h of cultivation (Supporting information, Fig. S1 ) than the difference in cultivation time. The oxygen limitation occurred because the stirrer reached its maximal speed, capping the oxygen transfer rate which was subsequently insufficient to supply the increasing demand of the growing biomass (Fig. S1 ). Therefore, modifications in the aeration rate of the reactor, the stirrer geometry (e.g. number of impeller blades) or stirrer speed should be implemented before further scale-up to avoid oxygen limitation and instead fully exploit the nutrient value of PAM4 and thus obtain the maximum biomass yield. We also found that cultures grown in PAM4 were easier to dilute with infiltration medium, i.e. the formation of flocks was not triggered and no schlieren were observed. This probably reflects the lower viscosity of the medium, but further research is needed to investigate this phenomenon in more detail. Interestingly, the overall desirability (i.e. a combined desirability for high DsRed expression, high OD 600 and low fructose concentration) was similar for three of our new media (PAM 3-5), i.e. in the 0.64-0.67 range (Supporting information, Table S2 ). This will provide flexibility if additional criteria such as costs need to be considered, e.g. under actual production conditions. In such a situation PAM5 can be the preferred choice over PAM4 because the former offers similar process performance parameters, e.g. final OD 600 , but at only 60% of the costs of PAM4.
Our small-scale screening system may not be precisely representative of the larger scale process because the leaf disc assay was carried out using tobacco plants whereas scaled-up production was implemented in N. benthamiana. Tobacco was used for screening because the assays for DsRed and 2G12 were established in this species and a large body of data is available for comparison [18] . Switching species during scale-up introduces a risk of incompatibility, but we have previously found that comparable expression levels are achieved in tobacco and N. benthamiana plants as well as tobacco BY-2 cell suspension cultures [30] , particularly when comparing the optimal conditions for transient expression (our unpublished data). Accordingly, we found no evidence for any significant change in the yields of DsRed or 2G12 when switching from tobacco to N. benthamiana. Instead, transient protein expression levels increased about two-fold when intact plants were infiltrated instead of leaf discs (Fig. 1B and 3B ). We attribute this increase to the external conditions that differ between the two scales, i.e. when intact plants are infiltrated the leaves remain attached to the stem and are thus connected to an efficient nutrient supply during the post-infiltration incubation period, whereas leaf discs can only rely on the limited amount of resources (e.g. amino acids and salts) that are stored within the cells at the time of detachment. In future experiments we will investigate the effect of different carbohydrate sources in more detail. Our initial results (unpublished data) indicate that fructose (as used here) promotes more efficient bacterial growth than disaccharides such as sucrose or oligosaccharides.
Conclusions
We have successfully replaced the animal-derived components normally found in standard YEB medium with plant-derived peptones. This improved process safety by reducing the likelihood of contamination with human pathogens. Furthermore, the DoE strategy we implemented facilitated the rapid screening of different media and the resulting predictive models for bacterial growth and subsequent transient protein expression in N. benthamiana guided our selection of the optimal PAM composition. Compared to YEB, the optimized PAMs increased the biomass yield by 3.5-fold in shaking flasks and by 2.0-fold in a 4-L fermentation, which will help to reduce the cost of investments, consumables and equipment in laboratory experiments but more importantly during large-scale production. The new medium composition did not inhibit the transient expression of the fluorescent protein DsRed or the human monoclonal antibody 2G12.
